attributed to frontal-lobe or caudate decline (Moscovitch & Winocur, 1992; Shimamura, 1994; West, 1996) . Slowing is relatively easy to distinguish, but it is harder to classify tasks between inhibition and executive control. For instance, the Wisconsin Card Sort Test involves both inhibition of past correct categories and executive control in the form of self-initiated planning. For the purposes of this paper, the exact classification of a particular task is not important as long as similar results are obtained in aging, frontal lobe damage, and caudate damage. Although some theorists would argue for one of these three categories as a mechanism at the expense of the others (e.g., Dempster, 1992; Hasher & Zacks, 1988; Salthouse, 1996) , I keep them as summary terms for independent sets of observations; a presentation in terms of independent mechanism rather than classes of observations appears too ambitious at this time (Light, 1991) . In particular, the age-related declines in tasks taken to be evidence for a decline in frontal lobe function will be shown to also decline with damage to the caudate. These parallel declines in observable performance hold no matter what theoretical framework is used to summarize them.
The claim is not that the decreases in inhibitory mechanisms, executive function, and cognitive speed that occur in aging occur in the absence of other changes; they do not. Nonetheless, the claim of a more steep decline in inhibition, executive control, and speed than in other classes of behavior is not a distortion of the consensus view of the literature. For instance, in reviewing the literature on cognitive aging, with no claims about physiological processes, Park (1998) notes, '' There are four important mechanisms that have been hypothesized to account for age differences in cognitive functioning: a) the speed at which information is processed; b) working memory function, c) inhibitory function, and d) sensory function' ' (pp. 49-50) . From her review, it is clear that much of Park's second mechanism is close to what I am calling executive control and that her fourth mechanism is not one which has its main neural basis in the frontal lobes or caudate.
For a more complete review of the neuropsychological differences that accompany both aging and frontal lobe damage than that presented here the reader should see Moscovitch and Winocur (1992) , Shimamura (1994) , and West (1996) . They note that not all changes in aging can easily be attributed to decline in frontal lobe function, and that declines in mnemonic function also occur that can be most likely attributed to declines in function of the hippocampus and related circuitry. But in terms of the relation of frontal lobe damage and aging Moscovitch and Winocur (1992) note, ''There is a remarkable consistency between the memory deficits seen in human patients and experimental animals with frontal lesions and those seen in normal aging. Indeed, there is not one instance where a significant discrepancy is found' ' (p. 353) . Thus, the claim that cognitive aging is similar to frontal lobe damage is on good empirical grounds that will not be challenged here. My claim is simply that the parallels are at least as strong between aging and caudate damage and until work is done to separate the effects of caudate and frontal lobe contributions, the caudate and especially circuits involving both structures must be considered.
CAUDATE CHANGES WITH AGE AND DISEASE
There is evidence that the caudate, like the frontal lobe, is differentially affected by aging. Such evidence is prerequisite to the arguments to be made here. Using autopsy data reported in the literature from a total of 8,000 brains, Eggers, Haug, and Fischer (1984) found an estimated decrease from ages 25 to 75 of 12% for the frontal cortex and 15% for the caudate but no decrease for striate cortex or the parieto-occipital lobe. Using magnetic resonance imaging (MRI), Jernigan, Archibald, Berhow, Sowell, Foster, and Hesselink (1991) found a correlation of -.49 between age and caudate volume, the largest of the twelve areas they measured, and correlations of -.40 and -.37 for areas containing the frontal lobes. Using MRI, Krishnan et al. (1990) age, r = -.69. This decline in caudate volume with age was independent of and additive to reduced caudate volume from depression, ruling out depression as a factor (Krishnan et al., 1992) . In an exhaustive review of the neuroimaging literature, Raz (in press) found roughly equal loss with age for the frontal lobes and caudate (r = -.47 for both), although if the gray matter caudate were compared only to the gray matter of the frontal lobes, the frontal lobe loss would be greater (r = -.57).
Evidence for changes in caudate function from outside aging come from studies of patients with lesions to that area and from patients with Parkinson's and Huntington's disease. Parkinson's disease results from damage to the substantia nigra. The substantia nigra synthesizes dopamine and projects to the caudate. In the course of the disease, when dopamine levels drop 70% or more from normal levels, symptoms appear (Lezak, 1995) . Replacement of the dopamine with L-dopa causes a reversal of symptoms for a period of time (e.g., Malapani, Pillon, Dubois, & Agid, 1994 ). Huntington's disease involves the atrophy of the caudate nucleus itself as well as other basal ganglia structures and a decrease in dopamine function (Bäckman, Robins-Wahlin, Lundin, Ginovart, & Farde, 1997) , which may be seen as the interaction of the disease process with normal age changes (Finch, 1979) . Using MRI, Jernigan, Salmon, Butters, and Hesselink (1991) found the largest decrease of the twelve areas they measured in patients with Huntington's disease was the caudate, both when compared to controls and to patients with Alzheimer's disease.
There are considerable data to support the similarities of caudate damage to aging and to frontal lobe damage. For instance, Gabrieli, Singh, Stebbins, and Goetz (1996) note that when factors such as severity of disease and depression are controlled, patients with Parkinson's disease ''often exhibit a pattern of intact and impaired cognition and memory that is strikingly similar to that shown by patients with frontal-lobe lesions' ' (p. 323) . Similarly, for the same groups and reservations about specifying the exact nature of the conditions and the patients, Brown and Marsden (1990) note that ''the behavioral parallels are, nevertheless, impressive' ' (p. 22) . In listing similarities among subcortical dementias, of which Parkinson's and Huntington's disease are examples, for a book that serves as a text for many in neuropsychology, Lezak (1995) provides a list remarkably similar to the one Park (1998) gave for aging and to the one used here: ''slowed mental processing, disturbances of attention and concentration, executive disabilities including impaired ability to manipulate concepts or generate strategies, visuospatial abnormalities, and a memory disorder that primarily affects retrieval rather than learning'' (p. 231). Talking about the individual diseases, she notes, ''By and large, the cognitive deficits associated with Parkinson's disease are similar -and often identical -to cognitive disorders that occur with frontal lobe damage, particularly with involvement of the prefrontal cortex'' (p. 224), and ''most of the cognitive deficits of patients with Huntington's disease are akin to frontal lobe disorders'' (p. 232). Thus, it is claimed by leaders in their respective fields that aging is like damage to the frontal lobes and that damage to the caudate is like damage to the frontal lobes. All this is missing is the logical completion that aging is like damage to the caudate.
In addition to the similarity of Parkinson's and Huntington's disease to frontal-lobe damage and normal aging, several observations suggest a relationship between the functioning of the caudate (and other structures in the frontal-striatal circuit) to normal aging. First, these two diseases strike most often in middle age or later life. Second, the dopaminergic system declines, though less dramatically than in Parkinson's disease, over the course of aging (Antonini et al., 1993; Bäckman, Ginovart, Dixon, Robins-Wahlin, Whalin, Halldin, & Farde, in press; Gabrieli, 1995; Kish, Zhong, Hornykiewicz, & Haycock, 1995; Volkow et al., 1998; Wang, Chan, Holden, Dobko, Mak, Schulzer, Huser, Snow, Ruth, Calne, & Stoessl, 1998) . Third, even with the duration of the disease controlled, using positron-emission tomography (PET) it has recently been shown that the uptake of fluorodopa in the caudate of patients with Parkinson's disease is more impaired in Downloaded by [Duke University Medical Center] at 09:07 21 May 2015 older patients (de la Fuente-Fernandez et al., 1998 ).
Parkinson's and Huntington's disease are different from each other and from frontal lobe damage in their etiology and cognitive effects, and all three are different from normal aging. Because the argument to be made here is that subcortical areas of the frontal-striatal circuits are also important in cognitive changes with aging, I focus on their similarities. Once this basic argument is accepted, the differences of Parkinson's and Huntington's disease from each other and from frontal-lobe damage, rather than their similarities, would become the focus of understanding which structures are most related to specific cognitive changes. However, for now, one major difference between Parkinson's and Huntington's disease must be clear to evaluate the arguments made here. Parkinson's disease is caused by a drop in dopamine in the caudate and other areas of the striatum, and also in the frontal lobes. Thus, there may be some affects of Parkinson's disease that are caused by a decline in frontal lobe functioning that is independent of the subcortical damage (see Gabrieli et al., 1996 and Lang, 1986 for discussions of this view). Because of this, the cognitive measures from Parkinson's disease cannot be taken as pure evidence for caudate damage, as opposed to frontal-striatal circuit damage. In contrast, Huntington's disease is caused by damage to the caudate, and damage to the frontal lobes is secondary to this damage. Brandt and Bylsma (1993) review the neuroimaging data from patients with Huntington's disease that show that structural measures of caudate, but not frontal, atrophy correlate strongly with many cognitive measures, including many of those reviewed here. They also review studies using PET and single photon emission tomography that show decreased metabolism in the caudate, but not the frontal lobes, that correlates with cognitive measure.
FRONTAL-STRIATAL CIRCUITS
Why do frontal lobe and caudate damage produce similar behaviors? Figure 1 is adapted from a now classic article by Alexander, DeLong, and Strick (1986) and maintains the nomenclature of that article. It lays out the idea of parallel, discrete, nonoverlapping circuits that send information from specific cortical areas to specific basal ganglia to specific thalamic nuclei and then back to the same areas of cortex. Figure 1 shows two of the five parallel topographic circuits from the original article. Recent work argues for an even finer grained topographic parallel structure that in humans blurs the clear distinction among these separate pathways into a more continuous and interrelated system (Alexander & Crutcher, 1990; Cummings, 1993; Goldman-Rakic & Selemon, 1990; Graybiel, 1990; Houk, Davis, & Beiser, 1995; Parent & Hazrati, 1995; Wise, Murray, & Gerfen, 1996) . The two pathways shown pass through both the head of the caudate and prefrontal cortex. The remaining three circuits pass through the motor cortex, oculomotor cortex, and the anterior cingulate at the cortical level and the putamen, body of the caudate, and ventral striatum at the striatal level, respectively. These five frontal-striatal circuits are involved in many aspects of complex behavior and cognition. The two circuits shown, which pass through the head of the caudate, are involved in cognitive tasks of interest here, while the other three parallel frontal-striatal circuits are involved in motor and other activity. In particular, the circuit through the putamen is more related to motor slowing and decreases in sensorimotor coordination than the more ''frontal'' tasks considered here. Research with primates has shown that these pathways have the behavioral effects that would be expected from human neuropsychology. For instance, in 1967 Divac, Rosvold, and Szwarcbart performed lesions in four distinct areas of the caudate in monkeys. All lesions produced impairments that would have been produced in the monkey with selective lesions to the cortical area projecting to the damaged area of caudate. Moreover, these pathways are involved in timing (Meck, 1996) , consistent with their role in cognitive slowing. Alexander, DeLong, and Strick (1986) .
The idealized pathways shown in Figure 1 account for many of the connections made to the structures shown. These connections within the circuits ensure that damage to any one structure will cause the other structures to have abnormal inputs and over time may lead to secondary damage in other structures. Because there is a circuit, damage to the frontal lobe can lead to decline in function and eventually structure in the caudate, and damage to the caudate can lead to decline in function and eventually structure in the frontal lobe, even when the initial damage is restricted to one structure or the other (Cummings, 1993; Wise et al., 1996) .
THE NATURE OF THE ARGUMENT
The form of the claim that many aspects of cognitive aging are due to decreases in frontal lobe function can be stated as follows. 1a) Central to the effects of aging on cognition is a decrease in function X as indexed by tests x 1 , x 2 , x 3 , . . . 1fl) Central to the effects of frontal lobe damage on cognition is a decrease in function X as indexed by tests x 1 , x 2 , x 3 , . . . 2fl) With increasing age there is a decrease in frontal lobe functioning as measured by anatomical volume, neurotransmitter level, or functional imaging. 3fl) Therefore the frontal lobe changes with normal aging are central to changes in cognitive aging. Downloaded by [Duke University Medical Center] at 09:07 21 May 2015 I wish to challenge this argument by adding propositions 1c, 2c, and 3c, which parallel 1fl, 2fl, and 3fl except that the word caudate is substituted for the words frontal lobes. 1c) Central to the effects of caudate damage on cognition is a decrease in function X as indexed by tests x 1 , x 2 , x 3 , . . . 2c) With increasing age there is a decrease in caudate functioning as measured by anatomical volume, neurotransmitter level, or functional imaging. 3c) Therefore the caudate changes with normal aging are central to changes in cognitive aging. Evidence for 2c has been presented already; evidence for 1c comprises most of the rest of the paper. At the end of the paper, I will return to the claim that frontalstriatal circuits that include the caudate and areas of the frontal lobes that it projects to through the thalamus are in fact the neural basis for the changes noted and that more work has to be done if localization more specific than this is to be stated. But for ease of reviewing the literature, which usually considers either cortical or subcortical structures and not circuits, the case first will be made for the caudate. The aim is not to substitute one neural structure for another, but to shift focus from structures to circuits. Given the existing evidence, however, the only way to do this is by concentrating on structures.
Please note the logic of the case being made. I wish to show that the generally held view that changes in cognition with aging are due in large part to changes in the frontal lobe can be challenged by showing that another anatomical structure is as strongly implicated by existing data. Therefore, I use less primary data and spend time making the case for the frontal lobes, except to specify the particular functions and tests (i.e., the X, x 1 , x 2 , and x 3, in the formal argument) so that the same tests can be used for the caudate. All I need show for the frontal lobes propositions is that they are not straw men, that their role in cognitive aging is received wisdom, that respected scholars have attributed functions to them that perhaps should be attributed more diffusely. However, when it comes to claims that the caudate is involved, primary data are needed and are provided.
Also note that counter arguments that terms like inhibition and executive control are too vague to fill the roles of ''function X,'' or that the tests used to measure a function do not represent a psychometrically coherent and exclusive group (Duncan, Johnson, Swales, & Freer, 1997; Salthouse, Fristoe, & Rhee, 1996) , or that all diseases tend to cause decreases in inhibition, executive control, and speed of processing are not criticisms of the basic argument being made here. To the extent that these criticisms are valid, the basic claim that changes in cognition with aging can be attributed to decreases in frontal lobe functioning are called into question, which is what I wish to do. That is, once these terms and tests are accepted for use in cognitive aging and frontal lobe studies as shown by citations to published studies, they cannot be seen as too vague or commonly occurring when damage to other neural structures is considered. However, once we move from arguing this initial step that the search for the neural substrate of aspects of cognitive aging must be extended beyond the frontal lobes to the harder task, not undertaken here, of actually investigating which neural structures and circuits account for which aspects of behavioral change, it rapidly becomes apparent that more precise terminology and theory would be helpful.
At several points quotes from or reference to review articles or authorities are used in place of a full discussion in order to supplement the evidence presented. The validity of the argument rests with the evidence, not the authority, but this tack is used both for the sake of brevity and to remind the reader that most of what is presented here is received wisdom in its own field. I try to make my argument as forcefully and clearly as possible so that any flaws will be easily apparent and can be corrected by others. For each of the three classes of empirical observations, decreases in (a) inhibition, (b) executive control, and (c) cognitive speed, I begin by briefly reviewing the behavioral evidence from normal aging and frontal lobe damage. This sets up the context for demonstrating that decreases in inhibition, executive control, and speed also occur with declining caudate function. Where possible, I choose tasks that have been used with all three participant populations. 
Aging
One of the most widespread findings in the cognitive psychology of aging is a decrease in inhibitory processes (Dempster, 1992; Hasher & Zacks, 1988) . Unlike the relatively theory-neutral, direct relationship between cognitive slowing and response times on cognitive tasks, empirical evidence for inhibition comes from what might on the surface seem to be an unrelated complex of tasks. Despite some theoretical differences among researchers about the nature of inhibition, however, prototypical tasks that measure inhibition have widespread theoretical agreement. In reviewing the aging literature, Dempster (1992) surveys studies using the Wisconsin Card Sorting Test, the Stroop Test, selective attention tasks, and interference in the Brown-Peterson short-term memory task as measures of inhibition. The results are robust. For instance, the same year that Dempster's review was published, Daigneault, Braun, and Whitaker (1992) demonstrated losses with aging on both the Wisconsin Card Sorting Test and on the Stroop Test. The Wisconsin Card Sorting Test requires participants to discover the category that the experimenter has chosen and to switch to an unannounced new category when the experimenter switches category. For example, sorting by color will be correct for a time, but then, without warning, the correct sort will be on number or shape. When a switch in category occurs, the previously correct category must be inhibited. Thus, the Wisconsin Card Sorting Test involves many processes. It is included in this section on decreased inhibition only because it is most often considered as a measure of inhibitory processes in the cognitive aging literature. The Stroop Test is a test of inhibition in that the color of the ink in which words are typed needs to be reported and the difficulty comes in inhibiting responding with the actual word typed when it is a color name (e.g., inhibiting reading the word red when you are supposed to report the color of the ink, which is blue). Dempster (1992) , in arguing for inhibition as the basis for a ''unified theory of cognitive development and aging'' (p. 45), notes that the frontal lobes are the first cortical lobes to show signs of change with aging and that the tasks used to measure inhibition are often associated with frontal lobe damage. In reviewing memory and frontal lobe function Shimamura (1995) made a list of tasks similar to Dempster's as well as proposing the unifying concept of ''a disruption in inhibitory control of extraneous activity'' (p. 803) in order to explain what the tasks share at a theoretical level. Poor performance on the Wisconsin Card Sorting Test, especially when it is caused by an increase in the number of perseverations, is an indication of a decrease in inhibition. This test has long been used as a test of frontal lobe damage (Milner, 1963) . There is enough overlap in performance with agematched controls on this task that with small samples there are not always significant differences in overall performance measures. When there is a lack of a statistically significant difference in overall performance, there may still be differences in perseverations (Nelson, 1976) .
Frontal Lobe Damage

Caudate Decline
In reading the literature on aging, frontal lobe damage, and Parkinson's and Huntington's disease together, the similarity in theory and data on inhibitory processes is striking. The only major difference is that researchers studying frontal lobe damage (and often aging) attribute the cause of decreases in inhibitory processes to frontal lobe damage whereas most researchers studying Parkinson's and Huntington's disease attribute the cause of decreases in inhibitory processes to the caudate. Dubois, Boller, Pillon, and Agid (1991) , reviewing the literature on Parkinson's disease, cite eight studies showing deficits in the Wisconsin Card Sort Test with Parkinson's disease, including the standard frontal lobe findings of greater number of trials to complete the first category, dissociation between knowing and doing, and more perseverative errors; later work (Cooper, Sagar, Jordan, Harvey, & Sullivan, 1991; Paulsen et al., 1995) and reviews (Mahurin, Feher, Nance, Levy, & Pirozzolo, 1993; Taylor & Saint-Cyr, 1995) ings. Perseverative errors are the most clear inhibitory problem because they occur when patients fail to inhibit responses that were once correct, but now are wrong. These typical frontal-lobe deficits need not be part of general cognitive loss and can occur in the absence of other intellectual declines (Pillon, Dubois, Ploska, & Agid, 1991; Taylor et al., 1986) . Patients with Parkinson's disease show a deficit on the Stroop task Hietanen & Trevainen, 1986) .
Another set of inhibition related tasks reviewed by Dubois et al. (1991) center on the inability of patients with Parkinson's disease to shift attentional set or alternate between different conceptual categories. For instance, when deficits in recall versus recognition are next discussed, it will be noted that patients with Parkinson's disease are slower in listing all the members of a semantic category such as the names of animals or fruits. However, the deficit is even greater when they have to alternate between the two categories listing an animal, then a fruit, then an animal, and so forth, and the deficit is greater when the patients are off their L-dopa medication (Gotham, Brown, & Marsden, 1988) . Inhibiting the prior category and then returning to it appears to be the problem. Similarly, in the Trail Making Test, Part B, the patients must connect consecutively numbered and lettered dots (e.g., 1-a-2-b-3-c-4-d . . . ), which is an analog of the category shifting problem. In several studies, patients with Parkinson's disease have been shown to be poorer at this task relative to controls and relative to their own performance on Part A, which does not have a category alternation. Detailed studies that isolate various components of the task demonstrate that in patients with Parkinson's disease L-dopa medication has major effects on shifting ability (Hayes, Davidson, Keele, & Rafal, 1998; Owen et al., 1993) . Moreover, although there are similarities among patients with frontal lobe damage and Parkinson's disease, differences can be noted in component processes that show promise of separating the roles of the various structures in the frontal-striatal circuit (Owen et al., 1993) .
Especially relevant for the claims made here is a study of 7 patients with unilateral caudate lesions (Mendez, Adams, & Lewandowski, 1989) . Because stroke and not Huntington's or Parkinson's disease was the cause of the computerized tomography (CT) or MRI confirmed caudate damage, the study provides converging evidence from humans that the caudate damage and not other aspects of the diseases is the causal factor for the cognitive deficit. Mendez et al. used a battery of 12 standard neuropsychological tests for a total of 17 reported subtests. Even with only 7 patients and 7 control participants, there were differences in tests that are held to measure decreased inhibition. On the Brown-Peterson Test the scores were 18.57 versus 28.00 (t = 2.43) for patients and control participants, respectively, and on the Wisconsin Card Sort Test they were 1.71 versus 5.14 (t = 3.50).
Patients with Huntington's disease show problems in both inhibiting responses to stimuli similar to ones that require responses and in alternating responses to letters and numbers . Patients with Huntington's disease are also worse in reversal learning where a formerly correct response is now wrong and has to be inhibited, showing marked perseveration of the previously correct response (Lange, Sahakian, Quinn, Marsden, & Robbins, 1995) .
EXECUTIVE CONTROL
Aging
In the cognitive aging literature, executive control or strategic planning has been shown to decline more rapidly with age than other functions (Baddeley, 1986; Craik & Byrd, 1982; Park, 1998) . Differences in executive control or planning are often measured by differences between self-initiated and stimulus controlled tasks and by differences between recall (which requires a search strategy) and recognition (in which only a judgment of familiarity is required).
It is difficult to attribute tasks such as the Wisconsin Card Sorting Test to just the decreased inhibition or the executive control category and its results could be considered again here; all that really matters is that the same test shows declines in the populations being compared here. The Self-Ordered Pointing Task (Petrides & Milner, 1982) , which was developed to test frontal lobe damage, is another task that could go in either this section or the previous one. It consists of a person pointing to one of a set of cards on each trial. The cards appear in different locations on each trial and the person's task is to point to a different card each time. The task has shown a marked decline in aging that can be attributed to both a failure to inhibit past responses and to a lack of effective strategies to help remember what cards have been pointed to before (Daigneault & Braun, 1993; Daigneault, Braun & Whitaker, 1992; Shimamura & Jurica, 1994) .
A case with clear face validity for executive control is the Tower of Hanoi problem because of its need for planning. In this test, discs must be moved among pegs with the restriction that a larger disc can never be placed on top of a smaller disc. The goal is to get all the discs to an indicated peg. Studies have shown age declines in this task (Brennan, Welsh, & Fisher, 1997; Vakil & Agmon-Ashinazi, 1997) .
Verbal fluency, the number of words that come from a category that a person can list in a short time, is a measure of search strategy, especially when the category is not an existing semantic one, like animals, but is a relatively novel one such as all the words beginning with the letter S. This is because the category all words beginning with the letter S is an ad hoc category requiring a more complex and novel search strategy than a more structured category like animals (Rubin, 1990 ). Such fluency declines with age from young to older adulthood (Ardila & Rosselli, 1989; Isingrini & Vazou, 1997; Rosen, 1980) , though the decline after age 50 appears to be in semantic category fluency tasks (Kozora & Cullem, 1995; Tomer & Levin, 1993) .
In most studies, free recall declines more rapidly with increasing age than cued recall or recognition, presumably because more of a search strategy is needed for recall. In general, the aging literature supports this claim, though there are studies in which recall, cued recall, and recognition all decline at the same rate with age or fail to decline with age (Kausler, 1982) . The free recall versus cued recall difference is especially apparent in categorized lists where category-title cues provide an effective retrieval strategy (Hultsch, 1975; Laurence, 1967) . A skeptical reader of the literature could find the age difference in recall versus recognition not clearly supported once all methodological differences are controlled, especially differences in the ease of the tasks (Salthouse, 1991) . However, for an equal degree of learning in the same task, recall usually shows a larger deficit with age.
Frontal Lobe Damage
Patients with frontal lobe damage show deficits on tests that require planning such as the Tower of Hanoi or in tasks that resemble the Self-Ordered Pointing Task (Owen, Downes, Sahakian, Polkey, & Robbins, 1990 ). Verbal fluency is another test that has long been used as a measure of frontal lobe damage, especially left or bilateral damage (Benton, 1968; Janowsky, Shimamura, Kritchevsky, & Squire, 1989; Pendleton, Heaton, Lehman, & Hulihan, 1982; Troyer, Moscovitch, Winocur, Alexander, & Stuss, 1998) . The poorer performance of patients with frontal lobe damage appears to be caused by a decrease in the ability to switch from one group of related words to another (Troyer et al., 1998) . Similarly, patients with frontal lobe damage show a larger deficit on recall than recognition compared to controls (Janowsky et al., 1989) . Although there is reason to question the proposition that all tests used to measure inhibition and executive control in patients with frontal lobe damage form a psychometrically coherent diagnostic group (Duncan et al., 1997; Salthouse et al., 1996) , for current purposes the characterization of frontal lobes as being involved in tasks said to measure executive control is well supported.
Caudate Decline
As with older adults and patients with frontal lobe damage, in Huntington's and Parkinson's disease there is a decrease in performance on the Self-Ordered Pointing Test (Gabrieli et al., 1996; Rich, Bylsma, & Brandt, 1996) and in Parkinson's disease in a task that is similar to it (Robbins et al., 1994 Lawrence et al., 1996; Robbins et al., 1994; Saint-Cyr, Taylor, & Lang, 1988) .
A decrease in verbal fluency with caudate damage is also apparent. There is considerable support for difficulty with this task in Parkinson's (Cooper et al., 1991; Dalrymple-Alford, Kalders, Jones, & Watson, 1994; Dubois et al., 1991; Litvan, Mohr, Williams, Gomez, & Chase, 1991; Pillon, Dubois, Lhermitte, & Agid, 1986; Suhr & Jones, 1998 ) and Huntington's disease (Butters, Salmon, Heindel, & Granholm, 1988; Butters, Wolfe, Granholm, & Martone, 1986; Hodges, Salmon, & Butters, 1990; Rosser & Hodges, 1994; Rothlind & Brandt, 1993; Suhr & Jones, 1998) . Butters et al. (1988) compared patients with Alzheimer's, Korsakoff's, and Huntington's disease with the same Dementia Scale rating scores to young and old control participants. All groups listed words beginning with particular letters and words from the category animals. Patients with Huntington's disease ''were the most consistently and severely impaired in their attempts to retrieve information'' (p. 69), with the most dramatic differences from the other clinical populations on the letter task. Rosser and Hodges (1994) found similar results. In contrast, Suhr and Jones (1998) found similar levels of deficits in patients with Huntington's, Parkinson's, and Alzheimer's disease with similar levels of performance on general tests of cognitive performance, though all clinical groups did more poorly than their age-matched controls, and patients with Huntington's disease had more repetitions of words already given.
The Mendez et al. (1989) study of 7 patients with unilateral caudate lesions found clear differences in retrieval difficulty. Using their reported t tests as descriptive indexes monotonically related to the size of their effects, the biggest difference between the 7 lesion and 7 control patients was in the long-term free recall of the California Verbal Learning Test (4.00 vs. 11.14, t = 7.07), and there was no significant difference on the long-term recognition subscale of the same test (15.00 vs. 15.29, t = 0.76). This is strong evidence for the recall versus recognition difference. On the Benton Word Fluency Test, there was a difference of 42 versus 76 words listed (t = 2.63).
The recall versus recognition difference is used in the clinical literature to provide a differential diagnosis between cortical dementias (e.g., Alzheimer's and amnesias caused by hippocampal or temporal lobe damage) and subcortical dementias (e.g., dementias caused by Parkinson's and Huntington's disease). Cortical dementias result in an anterograde loss that affects both recall and recognition, whereas subcortical dementias affect free recall much more than recognition or cued recall Gabrieli, 1995; Gabrieli et al., 1996; Maruyama, 1997; Moss, Albert, Butters, & Payne, 1986) . In fact, on repeated recall of the same list, patients with Huntington's disease tend to recall different items on each trial, which is much more unusual for controls, suggesting a fluctuating retrieval strategy for stored information (Cain, Ebert, & Weingartner, 1977) .
In addition to the tasks just reviewed, which can easily be compared across the aging, frontal lobe, and caudate groups, recent studies of patients with Parkinson's disease have tested Baddeley's (1986) model of executive control more directly by using dual task performance. Although these dual task tests are difficult to compare across groups because there is no standard pair of dual tasks to use, they do show disproportionate decline in the patients with Parkinson's disease (Brown & Marsden, 1991) , even when the level of performance on the tasks performed individually is equated (DalrympleAlford et al., 1994) .
COGNITIVE SLOWING
Aging
There is abundant evidence of a slowing of cognitive processes in aging (Cerella, 1985 (Cerella, , 1991 Hicks & Birren, 1970; Noble, Baker, & Jones, 1964; Salthouse, 1994a Salthouse, , 1994b Salthouse, , 1996 . Over a whole host of published studies using different tasks, the time taken by older adults is a linear function of the time taken by young adults; older participants have almost twice the response time Downloaded by [Duke University Medical Center] at 09:07 21 May 2015 of the younger participants. That is, independent of the task or experimental condition within the task and independent of the theory used to motivate the study, the reaction time of 65-year-old participants is almost twice that of 20-year-old participants. Cerella (1991) concluded ''that the effects in some 288 experimental conditions are primarily determined by a single aspect of the information processing requirement, namely, task duration. The evidence is near-to-overwhelming that age is experienced, at least to a first approximation, as some sort of generalized slowing . . . success over such a diversity of data suggests that aging effects stem from some elementary aspect of the biology of the nervous system'' (pp. 220-221). Although Cerella's meta-analysis is compelling, it causes problems for many theories in the literature (also see Rubin, 1985 and Salthouse, 1992 for similar arguments). The 288 experimental conditions reanalyzed were not performed by their original experimenters to test for general slowing, but a variety of other more complex and more local theories of aging.
One way that the finding does fit into current theories is through the work of Salthouse and his colleagues. In a typical study, approximately 200 participants varying in age perform memory tasks such as paired-associate learning of a list (Salthouse, 1994a) or a measure of working memory span (Salthouse, 1994b) . They also perform tasks that measure cognitive speed. Large, consistent age differences are found in both kinds of tasks and Salthouse then asks, in several different ways, how speed of processing is related to memory. In path analyses, age enters into the predictions most heavily by its effect on speed. Speed affects the degree of learning (i.e., immediate or zero lag recall), which affects percentage forgetting. Speed also has a direct effect on the percentage correct. Thus age has its main effects through cognitive response speed. More directly, the age-related variance in the measures of learning is greatly reduced if speed is controlled. Thus, many effects in cognitive aging can be described by a general slowing in cognitive processes. Lezak (1995) mentions slowing as a symptom of frontal lobe damage and there is some direct evidence for this (Alivastos & Milner, 1989) . However, cognitive slowing is not mentioned as a symptom of frontal lobe damage in the other sources reviewed to describe frontal lobe damage. Shimamura (1994) , who has published extensively on the frontal lobes and on aging, attributes some aspects of cognitive decline with aging to the frontal lobes and others to the medial temporal lobes. However, he attributes cognitive slowing to neither of these specific structures but to a loss in general neuronal efficacy. Evidence that the main cause of slowing is location specific damage to the caudate rather than a general loss of neuronal efficacy is presented later, but for now Shimamura's view emphasizes the lack of mention of cognitive slowing in cases of frontal lobe damage. One can rarely claim that a particular symptom never accompanies a condition as diffuse as frontal lobe damage, and as noted earlier cognitive slowing does at times accompany frontal lobe damage, but the lack of emphasis on slowing in the literature compared with the emphasis on decreased inhibition and executive control implies that, when present, it is much less noticeable to most researchers. In contrast, cognitive slowing is central to many kinds of caudate damage. Thus, a first candidate for separating the roles of caudate and frontal lobe functions in cognitive aging should be the effects of slowing. The relative decline in specific tasks involving inhibition, executive control, and speed would be especially informative if differential effects were found in the different populations.
Frontal Lobe Damage
Caudate Decline
The strongest nonlaboratory evidence that the caudate is involved in a general cognitive slowing comes from work with Parkinson's disease. Rather than causing a general dementia, the cognitive effects of Parkinson's disease, at least at the early stages, are isolated and specific . A major defining symptom of the disease is bradyphrenia, which as a symptom is a subjective general cognitive slowing or intellectual inertia, but which can be seen Downloaded by [Duke University Medical Center] at 09:07 21 May 2015 in the laboratory ''as a symptom defined as a measurable lengthening of normal informationprocessing time'' (Dubois et al., 1991, p. 215) . Although there is some disagreement about the definition and use of the term bradyphrenia as a description of all patients with Parkinson's disease, all that is needed here to parallel the aging literature is ''a measurable lengthening of normal information-processing time'' as measured by increased reaction times in the laboratory and that is available. In a meta-analysis of 70 studies that tested simple and choice reaction times in over 1,500 patients with Parkinson's disease and 1,500 controls, Wang, Thomas, and Stelmach (1998) found that patients were about one standard deviation slower than controls. Cognitive slowing occurs in both Parkinson's and Huntington's disease (Hanes, Andrewes, & Pantelis, 1995; Sprengelmeyer, Canavan, Lange, & Hömberg, 1995; Willingham, Koroshetz, Treadwell, & Bennett, 1995) . Though it is not as pronounced a general symptom in Huntington's disease (Lezak, 1995) , Huntington's disease often results in larger reaction time deficits than Parkinson's disease (Sprengelmeyer, Canavan, Lange, & Hömberg, 1995; Willingham, Koroshetz, Treadwell, & Bennett, 1995) , again a difference that could be used in probing the localization of function.
Many of the studies report results on only a handful of patients and negative findings occur, and some of the positive findings could be attributed to executive control instead of slowing . There is, however, strong evidence of slowing in fairly simple tasks that cannot easily be considered as heavily involving executive control or inhibition. For instance, found slowing for patients with Parkinson's and Huntington's disease with both a simple and a choice reaction time task in which much of the motor component is removed by timing only until a finger is removed from a rest location. Similarly, Willingham et al. (1995) , for different simple and choice reaction time tasks, found slowing in patients with Parkinson's and Huntington's disease. Hicks and Birren (1970) came to the conclusion that slowing is central rather than peripheral because with age there is a cognitive slowing but no, or at most little, decrease in nerve conduction velocity in both humans and laboratory animals. For instance, they noted that reflex latencies on long nerves do not change with age. Having established that the slowing is central and not peripheral and noting that many kinds of brain damage of a diffuse or unknown localization cause slowing, Hicks and Birren (1970) reviewed the evidence that damage to the caudate and related circuits reliably produces slowing, and in a later paper Birren and Fisher (1995) considered the role of subcortical white matter. In either case, slowing cannot easily be attributed to a general decrease in neuronal efficacy but must be central and probably, in part, subcortical.
As is found in the aging literature, slowing often increases relative to control populations as the task becomes more difficult (Malapani et al., 1994) . Thus, with the sample sizes usually tested, slowing may not be present at a level that is statistically reliable when simple reaction time tasks are used but can become quite marked when the tasks become more complex cognitively (Hicks & Birren, 1970) . Similarly, two simple reaction tasks which produce no noticeable slowing in patients with Parkinson's disease compared to controls can, when performed simultaneously, produce a marked differential (Malapani et al., 1994) , and a simple reaction time might show no difference whereas one involving a decision will (Tachibana, Aragane, Miyata, & Sugita, 1997) . The pattern is similar to that reviewed by Cerella and others in the cognitive aging literature (where the reaction time difference in young and old participants is proportional to the difficulty of the task as measured by the time taken by the young participants) and argues strongly against a motor interpretation of slowing with caudate damage.
DISCUSSION
Omissions
My goal was to argue as forcibly as possible that claims that the frontal lobes were centrally involved in cognitive aging were really claims that Downloaded by [Duke University Medical Center] at 09:07 21 May 2015 the frontal-striatal circuits were centrally involved in cognitive aging. In doing so I made three major omissions. First, the presentation has been only in terms of the grossest of gross anatomical structures. As the frontal-caudate circuits are primarily dopaminergic circuits, whereas the hippocampal circuit is a primarily cholinergic circuit, our increasing knowledge of neurotransmitters (e.g., Cooper, Bloom, & Roth, 1996; Graybiel, 1990) should in the future be a great aid to our understanding of the behavioral changes that accompany aging. Similarly, our knowledge of more detailed anatomical structure can provide insight into behavior (Wise et al., 1996) .
The second omission was that of the relation of the frontal-caudate circuits to other systems held to be important in cognitive aging. The behavioral and neuropsychological literature suggests that human cognition is supported by multiple memory systems. Consider two, which were among the first described (Mishkin, Malamut, & Bachevalier, 1984) . One includes connections among the hippocampus, amygdala, mammillary bodies, medial thalamus, and rhinal and ventromedial prefrontal cortex. This medial temporal lobe system also declines with age, as noted earlier. The second memory system includes connections among the caudate, putamen, globus pallidus, ventral portions of the thalamus, substantia nigra, and frontal cortex. Others would add most of cortex, especially frontal cortex, to this second system (e.g., see the Houk et al., 1995 edited volume) . In terms of function, Mishkin et al. (1984) have emphasized the hippocampal system for conscious, declarative, explicit, episodic memory and the caudate system for unconscious, skilled, implicit memory, although later work has shown that the caudate system is also involved in the explicit, conscious search that uses working memory (Gabrieli, 1995) . From neuropsychological studies of various forms of amnesia it appears that the hippocampal system is needed to store new memories and its bilateral destruction produces post traumatic amnesias, but that the caudate system is needed for the explicit as well as implicit recall, as opposed to recognition, of stored material (Butters, 1984; Gabrieli, 1995; Moss et al. 1986 ).
The third omission was the hard task of sorting out what the various components of the frontal-striatal circuits actually do. Although the claims made here were restricted to the caudate, they might be extended to other parts of the frontal-striatal circuit if data were available (Cummings, 1993; Wise et al., 1996) or to other frontal-striatal circuits. Thus, instead of asking ''Could it be the caudate?'' we could say, ''Perhaps the putamen?'' The putamen, which appears at the level of the caudate in one of the three pathways not shown in Figure 1 , is more involved in motor coordination than the cognitive tasks considered here. Its frontal-striatal circuits, which are better understood than those through the caudate (Alexander et al., 1986) , pass through the supplementary motor areas at the cortical level. Consistent with regulation of the more motoric aspects of cognition, the putamen also receives a greater proportion of inputs from sensory, as opposed to association, cortices than the caudate and has somatotopic organization. According to a review of autopsy data on 8,000 brains (Eggers et al., 1984 ) and a review of imaging studies (Raz, in press) , it decreases in size about as much as the caudate (15% each from 25 to 75 for the autopsy data; r = -.44 for the putamen versus -.47 for the caudate for the imaging studies). It would be a natural structure to be involved in age-related slowing and declines in motor coordination, which is why the studies of cognitive slowing (i.e., slowing that increases with cognitive vs. motoric difficulty) in patients with subcortical lesions cited earlier were careful to separate out motor effects (e.g., Willingham et al., 1995) . In a recent study (Volkow et al., 1998) , when age effects were partialed out, dopamine D 2 receptor availability in the putamen correlated only with finger tapping, whereas availability in the caudate correlated with finger tapping, the Wisconsin Card Sort Test, and the Stroop Test. Combining the frontal-striatal circuits through both the caudate and the putamen could account for many of the cognitive and sensorimotor, common cause, declines found in aging (Baltes & Lindenberger, 1997) In general, we need to begin asking which changes in behavior with aging are due to which neural structures in the frontal-striatal circuit and perhaps even which are best viewed as properties of the circuit as a whole. This is becoming common in studies of Parkinson's and Huntington's disease Lawrence et al., 1996; Massman, Delis, Butters, Levin, & Salmon, 1990; Partiot et al., 1996; Robbins et al., 1994; and even in studies of aging that concentrate on the striatum (Volkow et al., 1998) , but this cannot be done in aging research if all effects are attributed to frontal lobe decline. From this initial search, however, it appears that global concepts like inhibition, executive function, and slowing are too general for the task. The challenge is to develop concepts that can organize the existing data and provide new tests of localization of function (see Owen et al., 1993; Partiot et al., 1996; and Wise et al., 1996 , for examples not involving aging). This call for theory and others like it (Brown & Marsden, 1990; Taylor & Saint-Cyr, 1995) are easy. Producing an adequate theory is harder (Light, 1991) . Similarly, assembling and reviewing evidence of similarities in different populations as was done here is easy compared to finding methods and participants described in enough detail to attribute differences in behavior to damage in different areas of the brain.
Thus, tasks for the future are: (a) the inclusion of information about anatomical structure and neurotransmitters into our thinking about behavior; (b) considering how the frontal-striatal circuit integrates with the rest of the brain to produce the differences noted in cognitive aging; and (c) the subdivision of the behavioral deficits, which were summarized here using the categories of decreases in inhibition, executive control, and cognitive speed, into more fine-grained descriptions, preferably along theoretically motivated dimensions that can be more easily attributed to individual components of the frontal-striatal circuits. For now, this paper is both a cautionary tale about the difficulty of localizing function in particular brain structures and a claim that we have, in fact, made an error. Much of what has been attributed to cortex is probably due to subcortical structures.
Could It Be Just the Frontal Lobes?
Aging is a complex process involving all aspects of human experience and physiology. It would be odd to find that most of the changes reside in one particular brain structure. On the other hand, localization of specific functions exists. Moreover, localization of function is an attractive, almost seductive, idea. If you know where something is, then it must be real and you certainly know more about it than someone who cannot even find it. Here I have taken a widely held attribution of changes in behavior to one neural location and argued that it should really be attributed to a circuit involving that location by focusing on another location in that circuit. If one had to choose either the frontal lobes or the caudate as the cause of cognitive aging, it would be a hard choice; but if anything, the caudate accounts for more of the data because a clearer case can be made for slowing. The only reason that I can imagine for the literature's current choice of the frontal lobes to the exclusion of the caudate is that the choice is based on the additional, unstated assumption that a loss in a higher function must be due to loss in a higher structure; only cortical as opposed to subcortical gray matter could be involved in executive control. However, such a binary choice between structures as the neural basis of all the effects of cognitive aging reviewed here is not needed and is not the optimal route to follow.
Nevertheless, given all the literature reviewed, the skeptic might ask if it is possible that all processing of the cognitive tasks considered is taking place in the frontal lobes (or caudate) and that all the caudate (or frontal lobes) does is passively recirculate the information without changing it, serving only as a distribution center to other parts of the brain. It is unlikely. It would be a very odd design for gray matter structures. But it is possible. Studies that measure changes in size or changes in activity in either the frontal lobes or the caudate, but not both, are useless on this issue, even if they measure relevant behaviors and relate them to neural measures. The structure not measured could show more change. Studies that measure neural change in both structures are a bit more relevant, but not definitive. For example, the observation that the caudate shrinks at least as much as the frontal lobes with age may mean only that a structure that is passive with respect to cognition deteriorates more and causes a lack of input to the important structure.
The studies that are the most useful are those that measure neural and behavioral change in two or more samples with damage to two or more structures, but even here the conclusions will not be straightforward without detailed measures. One reason is that double dissociations of gross measures will not be as likely in highly interconnected structures and therefore detailed functions for each structure will have to be postulated (see Owen et al., 1993 , or Partiot et al., 1996 , for an example). Another reason is that the damaged area in the frontal lobe sample would have to project to the area of the caudate that is damaged in the caudate sample or differences would be observed even if one structure were totally passive; that is, the same circuit would have to be damaged in both samples for a comparison to be made.
These reminders of the complexity of the neuropsychology aside, the evidence presented here suggests that when careful studies are conducted with the intent of finding the roles of structures in the frontal-striatal circuit in cognitive aging, both the frontal lobes and the caudate will be important in related but distinct ways. Until then, when faced with the claim that the frontal lobe decline causes much of cognitive aging, one should ask of the evidence, could it be the caudate? If the answer is yes, then circuits instead of structures need to be considered.
